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ment	 on	 species	 richness	 as	 a	 proxy	 for	 functional	 diversity	 (FD),	 conservation	
	decisions	based	on	phylogenetic	diversity	alone	cannot	reliably	safeguard	maximal	
functional	diversity.	Thus,	phylogenetic	diversity	 and	 functional	diversity	 are	 re-
lated	but	still	complementary.	Priority	setting	exercises	should	use	these	metrics	in	
combination	to	identify	conservation	targets.





planning	 and	 are	 increasingly	 used	 to	 identify	 land-	use	management	
practices	that	maximise	both	evolutionary	value	and	ecosystem	func-
tion	(Bregman	et	al.,	2016;	Ribeiro	et	al.,	2016).	Key	requirements	are	
to	 maintain	 community	 resilience	 to	 environmental	 disturbance	 and	
to	preserve	ecosystem	functions	and	services	across	 time	and	space	
(Socolar,	Gilroy,	Kunin,	&	Edwards,	2016).	Consequently,	it	is	often	pro-
posed	 that	we	need	 to	 look	beyond	merely	 conserving	 species	 rich-
ness	(SR)	towards	maintaining	the	maximum	diversity	of	evolutionary	
lineages	 and	 associated	 ecological	 functions	 (Bregman	 et	al.,	 2016;	
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Jarzyna	&	Jetz,	2016).	To	achieve	these	goals,	it	is	becoming	standard	
practice	to	capitalise	on	extensive	phylogenetic	or	functional	trait	data-
sets	 to	 generate	 community-	level	 phylogenetic	 and	 functional	 diver-
sity	 (FD)	 indices	and	capture	the	breadth	of	evolutionary	history	and	
ecological	 functions,	 respectively	 (Jarzyna	 &	 Jetz,	 2016;	 Srivastava,	
Cadotte,	 Macdonald,	 Marushia,	 &	 Mirotchnick,	 2012).	 Phylogenetic	
metrics	 are	 also	often	proposed	 as	 surrogates	 for	 functional	metrics	















2004;	Tilman	et	al.,	 1997).	However,	 estimation	of	FD	 relies	on	 the	
subjective	choice	of	a	defined	set	of	traits,	measurable	across	a	range	
of	 taxa,	 representing	a	 limited	 subset	of	possible	ecological	 interac-
tions	and	functions	(Petchey	&	Gaston,	2002).
An	 alternative	metric,	 phylogenetic	 diversity	 (PD)	 estimates	 cu-
mulative	 evolutionary	 history	 by	 totalling	 the	 branch	 lengths	 in	 a	





more	 synthetic	 estimate	 of	 community-	wide	 trait	 diversity	 (Wiens	
et	al.,	 2010),	 hence	 more	 effectively	 summarising	 phenotypic	 and	
functional	similarity	(Srivastava	et	al.,	2012);	(2)	PD	captures	unknown	







taxa	 with	 comprehensive	 available	 functional	 trait	 data	 (Srivastava	
et	al.,	 2012;	 Voskamp,	 Baker,	 Stephens,	 Valdes,	 &	Willis,	 2017).	 In	
addition,	phylogenetic	metrics	might	provide	a	suitable	surrogate	for	




and	associated	 traits	are	phylogenetically	conserved	 is	 likely	 to	vary	
substantially	with	 taxon,	biogeographic	 context	 and	 spatial	 scale,	 as	
well	 as	 the	 functional	 traits	 selected,	 leading	 to	a priori	 uncertainty	
over	the	strength	and	form	of	FD–PD	relationships	(Srivastava	et	al.,	





sampled	 across	 a	 forest	 disturbance	 gradient	 in	 Sabah,	 Malaysian	









ideal	 study	 system	 for	 testing	 PD–FD	 relationships	 for	 three	 main	
reasons.	 First,	 comprehensive	 ecological	 information	 now	 exists	 for	
almost	 all	 species,	 even	 in	 tropical	 systems	 (e.g.	 del	 Hoyo,	 Elliott,	
Sargatal,	Christie,	&	de	Juana,	2017).	Second,	the	link	between	mor-
phological	traits	and	ecological	function	is	relatively	well	established,	
as	 the	 avian	 beak	 is	 an	 index	 of	 trophic	 niche,	 and	 other	 biometric	
measurements	are	related	to	foraging	strategy,	microhabitat	and	sub-
strate	use	 (Miles	&	Ricklefs,	 1984;	Trisos,	Petchey,	&	Tobias,	 2014).	
Third,	a	global	phylogeny	is	available	spanning	the	majority	of	extant	
bird	species	(Jetz,	Thomas,	Joy,	Hartmann,	&	Mooers,	2012).
In	 this	 study,	we	 first	examined	how	PD	metrics,	 and	 their	 level	
of	over-	or	under-	dispersion,	vary	across	the	disturbance	gradient,	in	
comparison	with	 equivalent	 FD	metrics.	 Second,	 by	modelling	 each	
functional	 metric	 against	 the	 equivalent	 phylogenetic	 metric	 and	





2  | MATERIALS AND METHODS
2.1 | Study area
We	 sampled	 bird	 communities	 in	 unlogged	 (old-	growth)	 lowland	 dip-
terocarp	 rainforest	 and	 selectively	 logged	 production	 forests	 in	 the	
1,000,000	ha	 Yayasan	 Sabah	 logging	 concession	 in	 Sabah,	Malaysian	
Borneo,	and	in	neighbouring	oil	palm	plantations.	Specifically,	we	focused	
on	 45,200	ha	 of	 unlogged	 forest	 at	 the	 Danum	 Valley	 Conservation	
Area	 and	 Palum	 Tambun	Watershed	 Reserve,	 and	 forests	 that	 have	
been	selectively	logged	once	or	twice	in	the	contiguous	238,000	ha	Ulu	
Segama-	Malua	 Forest	 Reserve	 (US-	MFR).	We	 also	 sampled	 unlogged	
forest	in	the	28,000	ha	Tawau	Hills	Park,	c.	60	km	to	the	south-	east.
Once-	logged	 locations	 (41%	of	US-	MFR)	were	 logged	 in	 1987–
1991	using	a	modified	uniform	system	which	removed	all	commercial	
stems	 >0.6	m	 diameter	 and	 yielded	 an	 average	 120	m3/ha	 of	 tim-
ber.	Twice-	logged	 locations	 (59%	of	US-	MFR)	were	 logged	 again	 in	
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2001–2007,	employing	the	same	techniques	but	with	minimum	diam-
eter	reduced	to	≈0.4	m,	yielding	an	additional	15–72	m3/ha	(Edwards	
et	al.,	 2011;	 Fisher,	 Edwards,	Giam,	&	Wilcove,	 2011).	We	 sampled	










birds	 using	12	unlimited-	radius	 point	 counts	 (total	n = 288 commu-











Museum,	 Tring,	 UK.	 In	 all	 cases,	we	measured	 seven	 traits,	 includ-
ing	 beak,	wing,	 tail	 and	 tarsus	measurements,	 following	 established	
















stratum	 and	 dietary	 information,	 comprising	 a	 series	 of	 binary	vari-
ables	 for	different	diets	and	 feeding	strata	 (compiled	 from	Edwards,	
Edwards,	Hamer,	&	Davies,	2013).	Finally,	we	also	included	an	ordinal	
index	of	 the	primary	habitat	 for	each	species	 from	 literature	 (Tobias	







website,	 www.birdtree.org,	 accessed	 14/03/2017).	 We	 then	 used	
Maximum	Clade	Credibility	analysis	 (MCCA,	programme	“BEAST	2,”	
Bouckaert	 et	al.,	 2014)	 to	 reduce	 the	100	 subset	 trees	 to	 one	 tree	
with	maximal	phylogenetic	support.





Pairwise	 Distance	 (pMPD;	 Webb,	 Ackerly,	 McPeek,	 &	 Donoghue,	
2002);	 and	 phylogenetic	 Mean	 Nearest	 Taxon	 Distance	 (pMNTD;	
Webb	et	al.,	2002)	from	the	MCCA	consensus	tree,	using	functions	pd,	










We	 computed	 the	 equivalent	 functional	metrics	 derived	 from	 a	
functional	dendrogram,	hence	FD	(hereafter	FDPG;	Petchey	&	Gaston,	
2002),	 functional	 Mean	 Pairwise	 Distance	 (fMPD),	 and	 functional	
Mean	Nearest	Taxon	Distance	(fMNTD).	We	derived	FDPG	using	func-
tion	FD_dendro	in	package	“fundiv”	(Bartomeus,	2016),	using	a	Gower’s	




turned	 the	 highest	 Cophenetic	 correlation	 coefficient	 (=0.79),	 sug-
gesting	 that	 the	 functional	 dendrogram	 is	 a	 good	 representation	 of	
the	distance	matrix.	Using	 functions	mntd and mpd	 in	 “picante,”	we	
calculated	 fMNTD	 and	 fMPD	 from	 the	 functional	 dendrogram.	We	
standardised	FDPG	and	PDF	values	between	zero	and	one	by	dividing	
by	 the	same	metric	computed	 for	all	 species	 in	 the	 regional	 species	
pool.	However,	we	 did	 not	 standardise	MNTD	 and	MPD,	 since	 the	
regional	species	pool	does	not	necessarily	have	the	highest	values	of	
these	indices.
2.6 | Standard effect size and null models
To	 estimate	 the	 extent	 to	 which	 communities	 are	 over-	 or	 under-	
dispersed	in	PD	and	FD,	we	used	a	null	model	approach,	calculating	
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metric	 predicted	 the	 corresponding	 functional	 metric.	 Starting	 with	
simple	 metric–metric	 models,	 we	 then	 constructed	 multi-	predictor	
models	in	two	stages:	(1)	additionally	fitting	habitat	type	to	each	model	
and	(2)	fitting	the	habitat	type	×	phylogenetic	metric	interaction	where	














There	 is	 potential	 for	 spatial	 autocorrelation	 in	 model	 residuals	
to	bias	our	results.	Specifically,	 this	can	cause	 inflation	of	type	 I	error	
rates	 and	 biasing	 of	 independent	 variable	 parameter	 estimates	 (and	



















3.1 | Habitat effects on FD and PD metrics
Habitat	type	was	a	weak	predictor	of	FDPG	and	a	highly	significant	predic-
tor	of	PDF	(Table	1).	Habitat	type	was	also	highly	significant	in	predicting	








FDPG F	=	3.02,	p = .05 .11 .36 −1,019.5
PDF F	=	40.39,	p < .0001 .58 .66 −1,078.1
fMNTD F	=	105.19,	p < .0001 .74 .78 19.8
pMNTD F	=	11.86,	p = .0001 .26 .38 2,100.0
fMPD F	=	27.47,	p < .0001 .47 .56 −1,236.0
pMPD F	=	3.51,	p = .03 .08 .21 2,186.9
SES-	FDPG F	=	61.27,	p < .0001 .50 .52 309.4
SES-	PDF F	=	2.34,	p = .10 .06 .19 337.3
SES-	fMNTD	 F	=	25.28,	p < .0001 .31 .35 463.7
SES-	pMNTD	 F	=	1.32,	p = .29 .03 .17 477.4
SES-	fMPD F	=	40.70,	p < .0001 .45 .49 354.5




































unlogged	 or	 logged	 forest,	with	 twice-	logged	 forest	 also	 being	 sig-
nificantly	higher	than	once-	logged	forest	(Figure	2a).	In	contrast,	SES	
PDF	did	 not	 differ	 significantly	 between	 any	habitat	 types	 although	
it	 showed	highest	mean	 levels	 in	 oil	 palm	 (Figure	2b).	Oil	 palm	 also	







































6  |    Journal of Applied Ecology CHAPMAN et Al.
phylogenetic	metrics	mostly	showed	underdispersion	or	no	difference	
from	zero,	with	the	exception	of	overdispersion	of	PDF in oil palm and 
of	pMPD	in	logged	forest	(Table	S4).
3.2 | Relationships between phylogenetic and 

















in	 fit	 for	 both	 fMNTD	and	 fMPD	 (Table	2).	The	 importance	 of	 the	
interaction	 term	 for	 the	 FDPG–PDF	 relationship	 can	 be	 attributed	






significant	 positive	 predictor	 of	 its	 corresponding	 functional	 metric;	





SES	pMPD	 in	oil	 palm	plantations	 (Table	2,	Figure	S4).	Nevertheless,	
for	all	three	metrics,	fitting	the	interaction	term	resulted	in	negligible	
increase	in	R2	and	a	decrease	in	overall	model	fit	(increase	in	AIC).
3.3 | Prediction of phylogenetic and functional 
metrics using SR


















Predictor Additional fixed effects Fit statistics





FDPG–PDF 0.844,	F	=	511.97,	p < .0001 — — .67 .87 −1,318.1
0.912,	F	=	540.23,	p < .0001 F	=	27.03,	p < .0001 — .71 .76 −1,328.0
0.832,	F	=	651.62,	p < .0001 F	=	40.06,	p < .0001 F	=	19.67,	p < .0001 .78 .81 −1,366.6
fMNTD–pMNTD 0.012,	F	=	70.06,	p < .0001 — — .09 .78 17.6
0.011,	F	=	177.75,	p < .0001 F	=	72.49,	p < .0001 — .78 .82 −23.3
0.017,	F	=	181.20,	p < .0001 F	=	73.63,	p < .0001 F	=	4.35,	p = .005 .79 .83 −1.8
fMPD–pMPD 0.001,	F	=	54.29,	p < .0001 — — .09 .63 −1,260.5
0.001,	F	=	65.44,	p < .0001 F	=	49.49,	p < .0001 — .58 .62 −1,277.1
0.001,	F	=	69.92,	p < .0001 F	=	54.33,	p < .0001 F	=	7.00,	p = .0002 .61 .65 −1,248.8
SES-	FDPG–SES-	PDF 0.402,	F	=	54.92,	P = .0001 — — .10 .58 302.1
0.371,	F	=	83.63,	p < .0001 F	=	50.60,	p < .0001 — .57 .60 268.8
0.503,	F	=	84.81,	p < .0001 F	=	52.21,	p < .0001 F	=	1.33,	p = .26 .58 .60 277.4
SES-	fMNTD–SES-	
pMNTD
0.265,	F	=	20.83,	p < .0001 — — .05 .41 471.2
0.254,	F	=	19.91,	p < .0001 F	=	24.95,	p < .0001 — .35 .40 449.7
0.150,	F	=	20.00,	p < .0001 F	=	24.58,	p < .0001 F	=	1.22,	p = .30 .36 .41 458.2
SES-	fMPD–SES-	pMPD 0.362,	F	=	40.82,	p < .0001 — — .08 .54 352.0
0.374,	F	=	64.85,	p < .0001 F	=	54.39,	p < .0001 — .53 .55 317.3
0.284,	F	=	69.99,	p < .0001 F	=	63.13,	p < .0001 F	=	3.20,	p = .02 .54 .56 320.4
FD,	functional	diversity;	PD,	phylogenetic	diversity;	fMNTD,	functional	mean	nearest	taxon	distance;	pMNTD,	phylogenetic	mean	nearest	taxon	distance;	
fMPD,	functional	mean	pairwise	distance;	pMPD,	phylogenetic	mean	pairwise	distance;	SES,	standard	effect	sizes.
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ant	 response	 to	 land-	use	 intensification	between	metrics	 is	 to	 be	
expected,	 further	exploration	using	metrics	 to	determine	patterns	






cal,	 and	 that	 a	 combined	 approach	 integrating	 both	 phylogenetic	
and	functional	trait	data	is	advisable.
4.1 | Responses of phylogenetic and functional 
clustering and dispersion to land use
The	dramatic	loss	in	PDF	with	conversion	to	oil	palm	closely	echoes	
patterns	in	SR,	both	here	and	in	other	studies	(Edwards,	Magrach,	
et	al.,	 2014;	 Edwards	 et	al.,	 2011).	 Indeed,	 there	 is	 no	 significant	
difference	 between	 habitat	 types	 once	 SR	 is	 accounted	 for	 (SES	
PDF).	One	notable	effect	 is	 that	phylogenetic	 tip	clustering	mark-
edly	 decreases	 (pMNTD	 increases)	 after	 conversion	 to	 oil	 palm,	




ing	 increases	 (pMPD	 decreases)	markedly	 after	 selective	 logging,	








oil	 palm	 communities,	with	 a	 few	 species	 dispersed	 across	 a	wider	
breadth	 of	 functions	 (Figure	2	 and	 Figure	 S6).	 Consistent	with	 this	
were	marked	 increases	 in	 fMNTD	and	 fMPD,	 suggesting	decreased	
functional	clustering	of	species	 in	oil	palm.	 Increase	 in	 fMNTD	con-
firms	that	concomitant	 loss	of	phylogenetic	 tip	clustering	 (increased	
pMNTD)	 reflects	 a	 thinning	 out	 of	 functionally	 similar	 species.	
Similarly,	the	concomitant	decline	in	fMPD	and	pMPD	from	unlogged	
to	logged	forest	indicates	that	tighter	ecological	filtering	accompanies	
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species	after	conversion	 to	oil	palm	drives	a	 relaxation	of	 tree-	wide	
clustering	 (fMPD	 increase)	 leading	 to	 overdispersion	 of	 functional	
traits	once	SR	is	accounted	for	(Figure	2,	Table	1	and	Table	S4).
4.2 | Land use and functional redundancy
Phylogenetic	metric	×	habitat	 type	 interaction	 effects	 revealed	 that	
conversion	to	oil	palm	steepens	the	relationship	between	FDPG and 
PDF	and	 (to	a	 lesser	extent)	between	 fMPD	and	pMPD,	 supporting	
the	 idea	of	 reduced	 functional	 redundancy	and	greater	distinctness	
of	species	in	oil	palm	(e.g.	a	greater	increase	in	FDPG	relative	to	PDF).	
Hence,	 the	most	 species-	rich	oil	 palm	 sites	have	disproportionately	
high	FDPG	and	fMPD,	and	these	decline	more	steeply	with	decreasing	




types.	 Nevertheless,	 significant	 positive	 relationships	 remain	 for	 all	
indices,	 so	 even	 accounting	 for	 SR,	 functionally	 diverse	 communi-
ties	clearly	have	an	underlying	tendency	to	have	greater	evolutionary	
diversity.
4.3 | Phylogenetic and taxonomic proxies for 
functional metrics









Moreover,	 it	 is	notable	 that	habitat	 type	 is	a	much	better	predictor	
of	 functional	 over-	 or	 under-	dispersion	 (SES)	 than	 any	 correspond-
ing	phylogenetic	metric,	and	SR	and	habitat	type	combine	to	give	the	
best	 prediction	 for	 fMNTD.	 Taken	 together,	 these	 results	 suggest	




dispersion	 are	 more	 directly	 dependent	 on	 ecological	 drivers	 than	
phylogenetic	metrics,	at	 least	when	functional	 traits	have	been	well	
selected.






weaker	 proxy	 of	 phylogenetic	 over-	 or	 under-	dispersion.	 The	 very	
strong	PDF-	SR	correlation,	on	one	hand,	and	the	fact	that	SES	metrics	
largely	control	for	SR,	on	the	other	hand,	may	partly	explain	the	poor	





Choice	of	 traits	 is	 likely	 to	 influence	FD	results	 strongly,	although	
broadly	 similar	 patterns	 of	 FD	 with	 land	 use	 were	 reported	 by	
Edwards	 et	al.	 (2013)	 using	 a	 different	 trait	 matrix.	 We	 selected	
a	 standard	 set	of	 traits	with	 a	 long	history	of	 usage	 in	 avian	eco-
morphological	 studies,	 but	 future	 work	 should	 explore	 whether	






4.5 | Conclusions and management implications
Our	results	indicate	that	avian	assemblages	in	logged	forests	retain	
high	 levels	 of	 phylogenetic	 and	 FD,	 albeit	with	 the	 loss	 of	 some	
evolutionarily	distinct	species,	and	thus	support	the	growing	con-
sensus	that	protecting	logged	tropical	forest	is	a	conservation	pri-
ority	 (Edwards,	Magrach,	 et	al.,	 2014).	We	 also	 found	 that	 while	
bird	communities	in	oil	palm	plantations	contain	few	species,	they	





such	 as	 artificial	 nest	 site	 provision,	 and	 curbing	 persecution	 for	
the	cagebird	trade.	We	also	recommend	retention	of	yield-	neutral	
landscape	 features	 such	 as	 relict	 tree	 stumps,	 ponds,	 vegetated	
gullies	 and	 riparian	 zones.	Nevertheless,	 our	 results	 highlight	 the	
overall	low	value	of	oil	palm	for	avian	biodiversity,	suggesting	that	
land-	sparing	remains	the	optimal	approach	to	conservation	in	this	
system.	They	also	 raise	 the	question	of	whether	plantations	 sup-






stricted	to	SR	are	 likely	to	perform	poorly	 in	 identifying	areas	of	high	
FDPG.	However,	the	spatial	dissimilarities	we	detected	in	phylogenetic	
and	 functional	 structuring	demonstrate	 that	a	 focus	on	PD	alone	will	
not	 safeguard	all	 areas	of	maximal	FD,	or	 clades	with	high	 functional	
redundancy.	We	also	note	that	SR	and	habitat	type	combine	to	give	a	
better	 prediction	 of	 functional	 clustering	 (fMNTD)	 than	 any	 phyloge-
netic	metric.
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These	findings	highlight	that	there	 is	no	silver-	bullet	metric	that	
captures	 all	 components	 of	 biodiversity	 value,	 and	 instead	 provide	
further	 evidence	 that	 a	 range	 of	 different	 biodiversity	 metrics	 are	








haps	 the	most	 informative	and	 least	accessible,	 suggesting	 that	 the	
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